STUDY QUESTION: Can the spatio-temporal formation of an intact blood-testis barrier (BTB), which is essential for the progression of spermatogenesis, be reproduced in cultures of fresh or frozen/thawed prepubertal mouse testes?
Introduction
Cryopreservation of testicular tissue is proposed to prepubescent boys who need to receive highly gonadotoxic oncological treatments (Gies et al., 2015; Jahnukainen et al., 2015; Wyns et al., 2015) . Although controlled slow freezing (CSF) is the most frequent method used for testicular tissue banking (Wyns et al., 2011) , ultrarapid freezing procedures such as vitrification could be used as an alternative method (Baert et al., 2012; Poels et al., 2013) . The in vitro maturation of thawed prepubertal testicular tissue is one of the currently developed strategies to restore the fertility of the cured patients (Gies et al., 2015; Yokonishi and Ogawa, 2016) . Indeed, in vitro cultures present the advantage of avoiding the possible reintroduction of tumor cells to the patients, contrary to germ cell transplantation or tissue grafting. Postmeiotic germ cells have been produced from prepubertal mouse, rat and rhesus monkey testes using a 3D culture system (Lee et al., 2006; Stukenborg et al., 2008 Stukenborg et al., , 2009 Huleihel et al., 2015) . Spermatozoa could also be obtained from prepubertal mouse testes using this method (Abu Elhija et al., 2012) . The organotypic culture system, which allows better preservation of the tissue architecture and the complex cellular interactions compared to cultures of dissociated testicular cells, also enabled the production of spermatozoa from prepubertal murine testes (Sato et al., 2011; Yokonishi et al., 2014; Arkoun et al., 2015 Arkoun et al., , 2016 Dumont et al., 2015 Dumont et al., , 2016 Komeya et al., 2016) and of round spermatids from prepubertal rat testes (Reda et al., 2016) . The generation of functional spermatozoa capable of producing healthy and reproductively competent offspring has been obtained using organotypic cultures of fresh or cryopreserved immature mouse testes at a gas-liquid interphase (Sato et al., 2011; Yokonishi et al., 2014) . We previously developed optimal CSF and solid surface vitrification (SSV) protocols that preserve the structural and functional integrity of prepubertal mouse testes (Milazzo et al., 2008; Dumont et al., 2015; Arkoun et al., 2016) and confirmed the possibility of initiating and completing in vitro spermatogenesis in organotpyic cultures of fresh, CSF and SSV prepubertal mouse testicular tissue (Arkoun et al., , 2016 Dumont et al., 2015 Dumont et al., , 2016 . Moreover, we have recently shown that the addition of 10 −6 M retinol (Vitamin A) to the culture medium promotes spermatogonial stem cell differentiation and entry into meiosis as well as sperm production in fresh and frozen/thawed testes . Indeed, retinol and its active metabolite retinoic acid initiate spermatogonial differentiation by stimulating expression of the c-kit protein (Raverdeau et al., 2012; Busada et al., 2015) and meiosis by inducing expression of Stimulated by retinoic acid gene 8 (Stra8) (Anderson et al., 2008; Raverdeau et al., 2012) in the prepubertal mouse testis. Retinoic acid signaling also regulates the formation of a functional blood-testis barrier (BTB) (Chung et al., 2010; Nicholls et al., 2013; Chihara et al., 2013a) and promotes Sertoli cell maturation (Buzzard et al., 2003; Nicholls et al., 2013) in juvenile rodent testes. Prior to puberty, the BTB is established between adjacent Sertoli cells and compartmentalizes the seminiferous epithelium into basal and apical domains. By separating germ cells from the systemic circulation and by restricting the paracellular diffusion of molecules, the BTB creates in the apical compartment a unique microenvironment necessary for the development of meiotic and postmeiotic germ cells (Jiang et al., 2014; Mruk and Cheng, 2015) . The barrier is progressively formed between 15 and 25 days postpartum (dpp) in the mouse testis (Willems et al., 2010) . It is composed of three types of junction, namely tight junctions (TJ), gap junctions (GJ) and anchoring junctions, including basal ectoplasmic specializations (adherens junctions) and desmosomes (Mruk and Cheng, 2015) . TJ, the major structural components of the BTB, form a selective barrier between Sertoli cells to restrict the entry of molecules into the apical compartment. They are mainly composed of proteins of the claudin family. Claudin 11 (CLDN11) in particular is indispensable for the formation of TJ, for barrier integrity, and as a consequence for normal spermatogenesis (Gow et al., 1999) . Claudin 3 (CLDN3) is not critical for the structural and functional integrity of TJ (Chakraborty et al., 2014) but is thought to regulate the translocation of preleptotene spermatocytes across the BTB in the adult testis (Chihara et al., 2013b) . TJ are tethered to the actin cytoskeleton by cytosolic scaffolding proteins, such as the TJ protein Zonula occludens 1 (ZO-1) (Moroi et al., 1998) . GJ are transmembrane channels that connect the cytoplasm of neighboring cells, allowing the exchange of metabolites, signaling molecules and ions . They are composed of proteins of the connexin family. , the predominant GJ protein, is essential for normal testis development and spermatogenesis Kidder and Cyr, 2016) , and participates in the regulation of BTB formation (Gerber et al., 2014) , BTB dynamics and Sertoli cell maturation (Sridharan et al., 2007; Weider et al., 2011) . The GJ protein CX43 is also linked to the actin cytoskeleton via ZO-1 (Batias et al., 1999) . The Cldn3, Cldn11, Cx43 and Zo-1 genes are expressed in the mouse testis during postnatal development (Batias et al., 2000; Hellani et al., 2000; Meng et al., 2005; Willems et al., 2010) . The corresponding proteins are detected in the region of the BTB from 12 to 20 dpp (Byers et al., 1991; Batias et al., 2000; Bravo-Moreno et al., 2001; Meng et al., 2005; Mazaud-Guittot et al., 2010; Gerber et al., 2014) , suggesting that they play a role in the initial assembly of the BTB during the prepubertal period.
In in vitro cultures of prepubertal testicular tissues, the percentage of seminiferous tubules containing elongated spermatids as the most advanced stage and the spermatogenic yield remain significantly decreased compared to the age-matched in vivo controls (Arkoun et al., , 2016 Dumont et al., 2015) . The assembly of an intact BTB being crucial for the progression of germ cells through meiosis, we wondered whether the spatio-temporal BTB formation could be reproduced in organotypic cultures. Indeed, the formation and maintenance of TJ have so far only been studied in 3D cultures of prepubertal mouse testicular cells, in which spermatogenesis does not proceed beyond the primary spermatocyte stage (Zhang et al., 2014) and BTB functionality has only been investigated in 3D cultures of immature rat testicular cells in which haploid cells are produced (Legendre et al., 2010) .
In the present work, we therefore investigated the kinetics of establishment of the BTB in fresh, CSF and SSV prepubertal mouse testicular fragments cultured in vitro at a gas-liquid interphase, BTB maintenance throughout the culture, BTB functional integrity and Sertoli cell maturation at the end of the culture period, as well as germ cell development during the first spermatogenic wave.
Materials and Methods

Ethical approval
All the experimental procedures were approved by the Institutional Animal Care and Use Committee of Rouen University Hospital under the licence/protocol number N/23-11-12/46/11-15.
Mice and testis collection
CD-1 mice (Charles River Laboratories, L'Arbresle, France) were housed in a temperature-controlled room (22-23°C) under a 12-h light/dark cycle. Prepubertal 6-7-day old male mice from different litters were euthanized by decapitation and underwent a bilateral orchidectomy. Testes were transferred to Petri dishes containing α-MEM (Gibco by Life Technologies, SaintAubin, France) and the complete removal of the tunica albuginea was performed with two needles under a binocular magnifier (S8AP0, Leica Microsystems GmbH, Wetzlar, Germany). Testes were then either cultured immediately (culture from fresh tissues), or after a freezing/thawing cycle ( Supplementary Fig. 1 ). Moreover, mice aged 15-16, 22-23 and 36-37 dpp were euthanized by CO 2 asphyxiation and their testes were used as the in vivo controls for 9, 16 and 30 days of culture, respectively ( Supplementary Fig. 1 ). A total of 95 mice were used in this study.
CSF and thawing of testicular tissues
Freezing procedure
Testes were placed into cryovials (Dominique Dutscher, Brumath, France) containing 1.5 ml of the following cryoprotective medium: Leibovitz L15 medium (Eurobio, Courtaboeuf, France) supplemented with 1.5 M dimethylsulfoxyde (DMSO, Sigma-Aldrich, Saint-Quentin Fallavier, France), 0.05 M sucrose (Sigma-Aldrich) and 10% (v/v) fetal calf serum (FCS, Eurobio) (Milazzo et al., 2008) . After a 30-min equilibration at 4°C, samples were frozen in a programmable freezer (Freezal, Air Liquide, Marne-laVallée, France) with a CSF protocol: start at 5°C, then −2°C/min until reaching −9°C, stabilization at −9°C for 7 min, then −0.3°C/min until −40°C and −10°C/min down to −140°C. Testicular tissues were then plunged and stored in liquid nitrogen.
Thawing procedure
Cryotubes were warmed for 1 min at room temperature and then for 3 min in a water bath at 30°C. They were then successively incubated at 4°C in solutions containing decreasing concentrations of cryoprotectants for 5 min each ['solution 
SSV and thawing of testicular tissues
Vitrification procedure
Testes from 6 to 7 dpp-old mice were first incubated for 5 min at 4°C in Dulbecco's modified Eagle's medium/Nutrient Mixture F12 (DMEM/F12, Sigma-Aldrich), then in DMEM/F12 supplemented with 1.05 M DMSO and 1.35 M ethylene glycol (Sigma-Aldrich) for 10 min at 4°C, and finally in DMEM/F12 supplemented with 2.1 M DMSO, 2.7 M ethylene glycol, 0.5 M sucrose and 20% FCS for 5 min at 4°C . Testis samples were thrown on a thin aluminum floater (VWR, Fontenay-sousBois, France) partially immersed in liquid nitrogen. Vitrified testes were individually placed in precooled cryovials and stored in liquid nitrogen.
Thawing procedure
Cryotubes were left at room temperature for 2-3 s. Testes were then incubated in DMEM/F12 supplemented with 0.5 M sucrose and 20% FCS for 2 min at 37°C, and then in DMEM/F12 supplemented with 20% FCS for 2 min at 37°C. To remove a maximum of cryoprotectants, testes were then successively transferred through four baths of DMEM/F12 supplemented with 20% FCS for 5 min at 4°C.
Organotypic cultures at a gas-liquid interphase
In vitro tissue cultures were performed as previously described (Sato et al., 2011; Arkoun et al., 2015) . Briefly, prepubertal 6-7-day old mouse testes, which contain spermatogonia as the most advanced type of germ cells, were first cut into four fragments. They were placed on top of two 1.5% (w/v) agarose Type I low electroendosmosis gels (Sigma-Aldrich) halfsoaked in medium. Testicular tissues were then cultured under 5% CO 2 at 34°C for 9 days (D9), which coincides with the initiation of BTB formation and the progression of pachytene spermatocytes through meiosis, or for 16 days (D16), which corresponds to the end of meiosis and the appearance of the first round spermatids, or 30 days (D30) to explore the end of the first spermatogenic wave. The basal medium (BM) contained α-MEM, 10% KSR (KnockOut Serum Replacement, Gibco by Life Technologies), 5 μg/ml gentamicin (Sigma-Aldrich), and was supplemented or not with 10 −6 M retinol (Sigma-Aldrich) . Media were prepared just before use and were replaced twice a week. The media were not supplemented with LH/hCG and the production of testosterone was not analyzed. For each culture time point (D9, D16 and D30) and each experimental condition (fresh, CSF and SSV tissues, with or without retinol), organotypic cultures were repeated three times (from three different testes) for quantitative RT-PCR (RT-qPCR), and four times for immunohistological analyses and for the BTB integrity assay. A total of 632 fragments (from 158 different testes) were therefore maintained in vitro in this study.
RNA extraction and RT-QPCR
RNA extraction
Total RNA was extracted from testicular samples using RNeasy Micro kit (Qiagen, Courtaboeuf, France) Table I ). The amplification condition was 20 s at 95°C followed by 40 cycles (3 s at 95°C, 30 s at the annealing temperature). Melting curves were also obtained to ensure the specificity of PCR amplifications. The size of the amplicons was verified by agarose gel electrophoresis (E-gel 4%, Life Technologies). The relative expression level of each gene was normalized to two housekeeping genes as recommended by the MIQE guidelines (Bustin et al., 2009) : Gapdh and actin β (Actb), which were identified and validated as the most stable and suitable genes for RT-qPCR analysis in mouse testis development (Gong et al., 2014) and are also stably expressed in fresh, CSF and SSV testes throughout the culture period ( Supplementary Fig. 2 ). Moreover, the expression of Reproductive homeobox 5 (Rhox5), Cyclin-dependent kinase inhibitor 1b (p27Kip1) and AntiMullerian hormone (Amh) was determined relative to the Sertoli cell marker GATA binding protein 6 (Gata6), as previously described (Florin et al., 2005; Morrow et al., 2009; Migrenne et al., 2012) . Data were analyzed using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Histological analyses
Tissue fixation and processing Testicular tissues were fixed with Bouin's solution (Sigma-Aldrich) for 2 h at room temperature. They were then dehydrated in ethanol in the Citadel 2000 tissue processor (Shandon, Cheshire, UK) and embedded in paraffin.
Tissue sectioning
Tissue sections (3 μm thick) were prepared with the JungRM 2035 microtome (Leica, Wetzlar, Germany) and were mounted on Polysine slides (Thermo Fisher Scientific, Waltham, MA, USA).
Immunohistochemical staining
Tissue sections were deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol. After a 3-min wash in Tris buffer pH 7.5 containing 10% Tween-20 (TBST, Microm Microtech, Francheville, France), sections were boiled for 40 min at 96°C in 10 mM citrate buffer (pH 6.0) and then cooled for 20 min at room temperature. They were washed for 5 min in distilled water and blocked with Ultra-V blocking solution (Thermo Fisher Scientific) for 10 min at room temperature. They were then incubated overnight at 4°C with rabbit polyclonal IgGs: anti-CLDN3 (1:150, 34-1700, Invitrogen), anti-CLDN11 (1:50, H-107, Santa Cruz Biotechnology, Heidelberg, Germany), anti-CX43 (1:100, 71-0700, Invitrogen) or anti-ZO-1 (1:100, 61-7300, Invitrogen). After a 5-min wash in TBST, alkaline phosphatase polymer (Thermo Fisher Scientific) was applied for 30 min. The immunoreaction was visualized after addition of FastRed (1:77, Thermo Fisher Scientific) for 5 min (ZO-1), 8 min (CLDN11) or 15 min (CLDN3 and CX43). Sections were finally counterstained with hematoxylin (Dako REAL, Les Ulis, France) and mounted with the Aqueous mount kit (Microm Microtech). Immunostaining with preimmune rabbit IgGs (SC-2027, Santa Cruz Biotechnology) was used as a negative control ( Supplementary Fig. 3 ). Because of the small size of the tissues, immunostaining with pre-immune IgG was not performed systematically on each adjacent slide. Negative controls displaying the same tubules cannot therefore be provided. Images were acquired on a DM4000B microscope (Leica) at a ×500 magnification. The expression and localization of BTB proteins (basal and/ or apical), and the most advanced type of germ cells present in the testicular fragments (spermatogonia: smooth spherical nuclei close to the basal membrane, leptotene/zygotene spermatocytes: irregular spherical nuclei with condensed chromatin, pachytene spermatocytes: irregular spherical nuclei with highly condensed chromatin, round spermatids: small and regular round nuclei, elongated spermatids: elongated nuclei with highly condensed chromatin) were analyzed in 30 cross-sectioned seminiferous tubules from 3 sections with the Application Suite Core v2.4 software (Leica).
BTB integrity assay
The permeability of the BTB was assessed using a biotin tracer and the method adapted for small testes (McCabe et al., 2012) . Testicular tissues cultured in vitro for 30 days (n = 4) and the corresponding 36-37 dpp in vivo control testes (from which the tunica albuginea was carefully removed, n = 4) were immersed in a 10 mg/ml EZ-Link Sulfo-NHS-LC-Biotin solution (21 335, molecular weight: 556.59 Da, Thermo Fisher Scientific) in PBS containing 1 mM CaCl 2 for 30 min at room temperature. Incubation of testes samples in 1 mM CaCl 2 in PBS was used as a negative control (n = 4). Tissues were fixed with Bouin's solution, dehydrated and embedded in paraffin as previously described. Tissue sections (3 μm thick) were prepared, deparaffinized, rehydrated, rinsed in PBS and incubated with Alexa Fluor 568-conjugated streptavidin (1:100 in PBS, S-11 226, Molecular Probes by Life Technologies) for 1 h at room temperature. The sections were rinsed twice with PBS for 5 min. The localization of the biotin tracer was examined in 30 cross-sectioned seminiferous tubules from three sections at a ×400 magnification with an Axioskop fluorescence microscope equipped with an ApoTome and an AxioCam 503 camera (Carl Zeiss SAS, Marly-le-Roi, France). Images were acquired using the Zen two software (Carl Zeiss SAS). Hematoxylin-eosin-saffron staining was then performed on the tissue sections. Images of the corresponding seminiferous tubules were acquired on a DM4000B microscope at a ×400 magnification (Leica).
Statistical analyses
Statistical analyses were carried out with the statistical GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). Data are presented as mean ± SEM or mean + SEM. The non-parametric Mann-Whitney test was used to compare RT-qPCR and immunohistochemical data as well as the results from BTB integrity assays: between in vitro cultures and in vivo controls; between cultures of fresh, CSF or SSV tissues; between cultures with or without retinol ('Rol' and 'BM' culture conditions, respectively); between the different time points. A value of P < 0.05 was considered statistically significant.
Results
Establishment and maintenance of the BTB in vivo
The kinetics of expression of the BTB genes Cldn3, Cldn11, Cx43 and Zo-1 was first analyzed during postnatal development in testes of 6-7-, 15-16-, 22-23-and 36-37-dpp mice by RT-qPCR (Table I ). The expression of the four genes was detected as early as 6-7 dpp. Cldn3 mRNA levels increased significantly with age (Table I ). Cldn11 transcript levels rose significantly between 6-7 and 15-16 dpp, stabilized between 15-16 and 22-23 dpp and then decreased between 22-23 and 36-37 dpp (Table I ). In contrast, Cx43 levels first dropped between 6-7 and 15-16 dpp and then stabilized (Table I) . Finally, the levels of Zo-1 mRNA increased between 15-16 and 22-23 dpp and decreased between 22-23 and 36-37 dpp (Table I) .
The expression and localization of the proteins encoded by these BTB genes were then analyzed in the developing testis at 15-16, 22-23 and 36-37 dpp by immunohistochemistry. At 15-16 dpp, at the time when a functional BTB begins to assemble, CLDN3, CLDN11, CX43 and ZO-1 located basally in most of the seminiferous tubules (in 85.6%, 91.3%, 95.8% and 95.8% of the tubules, respectively, Figs 1 and 2). In the remaining tubules, the proteins were distributed in both the basal and apical compartments (Fig. 2) . The restricted localization to the basal region was observed in all the tubules at 22-23 dpp for CLDN11, CX43 and ZO-1 (Fig. 2b-d ) and at 36-37 dpp for CLDN3 (Fig. 2a) . The staining near the basement membrane appeared as wavy and discontinuous bands, forming a belt-like structure (Fig. 1 ).
Establishment and maintenance of the BTB in in vitro cultures of fresh testicular tissues
Fresh testicular fragments from 6 to 7 dpp mice were cultured with or without retinol (Rol and BM conditions, respectively, Supplementary  Fig. 1 ) for 9, 16 and 30 days. The temporal expression of the BTB genes and proteins in vitro was then compared to that of the corresponding 15-16 dpp, 22-23 dpp and 36-37 dpp in vivo controls.
The expression of the four BTB genes followed a different kinetics in vitro and in vivo. Cldn3 mRNA levels were significantly reduced at D9, D16 and D30 in cultures of fresh tissues, compared to the respective in vivo controls (Table I) . Importantly, Cldn3 transcript levels were 32-36 times lower at D30 than in 36-37-day old testes. In contrast, Cldn11 levels were mildly increased (by 3.2-3.4-fold) after 30 days of culture compared to 36-37-dpp testes (Table I ). The levels of Cx43 mRNA at D9 and D16 of culture were similar to those measured in the corresponding in vivo controls. At D30, they were only slightly decreased (by 1.1-fold) in the presence of 10 −6 M retinol (Table I) . Finally, Zo-1 levels were slightly reduced (by 1.6-fold) at D16 in the absence of retinol and were comparable to the age-matched in vivo controls at D30 (Table I) . The BTB proteins were detected at all the culture time points and were found at their appropriate location in most of the seminiferous tubules, i.e. basally (Figs 1 and 2, Supplementary Fig. 4 ). No changes in the intratubular localization of CLDN11, CX43 and ZO-1 were noticed in cultures of fresh testicular tissues in comparison with in vivo controls ( Fig. 2b-d) . However, no CLDN3 staining was found in 32-40% of the seminiferous tubules at D9, D16 and D30 (Fig. 2a) . When present, CLDN3 labeling appeared similar to controls (Fig. 1a,  Supplementary Fig. 4a ).
Establishment and maintenance of the BTB in in vitro cultures of frozen/thawed testicular tissues
In a clinical context, testicular biopsies from prepubertal boys are frozen and stored in liquid nitrogen for later use. In order to evaluate the impact of freezing/thawing procedures (CSF or SSV) on BTB formation in organotypic cultures, RT-qPCR and immunohistochemical analyses were performed on cultures of thawed 6-7 dpp-old CSF or SSV mouse testes and the data were compared with those obtained in cultures of fresh tissues.
Impact of CSF on the BTB in vitro
Minor but significant differences were observed between fresh and CSF testes cultured with BM at D9 and D30 for Cldn11 mRNA levels (1.4-2.0-fold) and at D16 for Zo-1 mRNA levels (1.1-fold) ( Table I) . A slight decrease was also noticed at D16 and D30 for Cldn3 levels (2.4-2.8-fold) and at D16 for Zo-1 mRNA levels (1.3-fold) in CSF testes versus fresh testes cultured with retinol (Table I) .
The localization of the BTB proteins was mainly basal in cultures of CSF testes at the different culture time points (Figs 1 and 2, Supplementary Fig. 4 ). There were few differences in their distribution compared to cultures of fresh testes: the percentage of tubules in which CX43 localized basally was only reduced by 3.5% at D16 and D30 in CSF tissues cultured with BM and retinol, respectively (Fig. 2c ) and the recruitment of CLDN11 near the basement membrane was decreased by 8.1% only at D16 in CSF tissues cultured with retinol (Fig. 2b) .
Impact of SSV on the BTB in vitro
Little, albeit significant, differences in the transcript levels of the four BTB genes studied were found between cultures of fresh and SSV testes (1.2-4.1-fold, Table I ). In cultures of SSV testes with BM, there was a decrease in Zo-1 mRNA levels at D9, in Cldn3 levels at D16 and in Cldn11 levels at D16 and D30 compared to cultures of fresh tissues. A significant diminution of Zo-1 transcript levels at D9 and of Cldn3, Cldn11, Cx43 and Zo-1 levels at D16 were also evidenced in SSV versus fresh cultures with retinol.
The BTB proteins were mainly basally localized in cultures of SSV testes (Figs 1 and 2, Supplementary Fig. 4) . A decrease in the basal distribution was detected in SSV versus fresh tissues cultured without retinol only at D9 for CLDN11 (by 8.6%, Fig. 2b ) and at D30 for CX43 (by 4.2%, Fig. 2c ).
Comparison between CSF and SSV freezing procedures
Globally, the expression of the BTB components and their distribution along the seminiferous epithelium were little influenced by the freezing procedures used. There was a 1.3-2.3-fold variation in Cldn3, Cldn11, Cx43 and Zo-1 mRNA levels (Table I ) and a similar localization pattern for CLDN11, CX43 and ZO-1 (Fig. 2b and d) 
Establishment and maintenance of the BTB in in vitro cultures of testicular tissues with or without retinol
Cldn3 transcript levels were not significantly different in tissue cultures maintained with or without retinol. In the presence of retinol, there were faint but significant changes in Cldn11, Cx43 and Zo-1 levels at D9 (1.4-1.5-fold) and in Zo-1 levels at D16 (1.6-fold) ( Table I ). The addition of retinol however did not affect the distribution pattern of the different BTB proteins throughout the culture (Fig. 2, Supplementary Fig. 4 ).
Progression of in vitro spermatogenesis in cultures of fresh and frozen/thawed testicular tissues
Apart from CLDN3, BTB components were expressed and basally localized in more than 93% of the seminiferous tubules in 30-day in vitro cultures. As the assembly of the BTB proteins at their proper location is essential for spermatogenic progression, quantification of mRNA levels of germ cell-specific genes (Table II) and histological analyses (Fig. 3) were then performed to compare germ cell differentiation in cultures and in vivo. e P < 0.05 compared to cultures of CSF tissues with retinol; f P < 0.05 compared to cultures of SSV tissues without retinol; g P < 0.05 compared to 15-16 dpp (in vivo) or D9 (in vitro); h P < 0.05 compared to 22-23 dpp (in vivo) or D16 (in vitro). Rol, retinol.
Transcript levels of Sal-like protein 4 (Sall4) (undifferentiated spermatogonia) remained unchanged at D9 and D16 and were slightly higher in cultures of fresh tissues at D30 than in vivo (1.3-fold, Table II ). In contrast, a moderate decrease was observed at D16 and D30 for Kit oncogene (c-Kit) mRNA levels (differentiating spermatogonia, 2.0-2.6-fold, Table II ) and at D9 for Stra8 levels (preleptotene and early leptotene spermatocytes, 2.2-2.7-fold, Table II ). Synaptonemal complex protein 3 (Sycp3) (meiotic cells), Transition protein 1 (Tp1) and Protamine 2 (Prm2) (postmeiotic cells) levels were decreased at all the culture time points tested (Table II) . Tp1 and Prm2 mRNA levels dropped drastically at D16 and D30 in cultures of fresh testicular fragments compared to in vivo controls (30-863-fold and 73-472-fold, respectively, Table II) .
Spermatogenesis progressed at the same pace in vivo and in vitro, i.e. with pachytene spermatocytes, round and elongated spermatids present at 15-16 dpp/D9, 22-23 dpp/D16 and 36-37 dpp/D30, respectively (Fig. 3a) . The percentage of seminiferous tubules containing spermatogonia as the most advanced stage was significantly higher in cultures of fresh tissues than in vivo (Fig. 3a) . The proportion of tubules with pachytene spermatocytes at D9 and with round spermatids at D16 was lower than in their respective in vivo controls (Fig. 3a) . At D30, fewer tubules reached the elongated spermatid stage, while a higher proportion of tubules reached the pachytene spermatocyte and the round spermatid stages when compared to 36-37 dpp testes (Fig. 3a) .
Changes in germ cell-specific transcript levels were occasionally observed in cultures of CSF (1.7-6.5-fold) or SSV (2.1-12.9-fold) tissues in comparison with cultures of fresh tissues (Table II) . When comparing cultures of CSF and SSV tissues together, few differences in mRNA levels were detected (1.1-6.7-fold, Table II ). The proportion of tubules with leptotene/zygotene spermatocytes as the most advanced germ cells was higher in CSF than in fresh tissues at the different culture time points (Fig. 3a) . The percentage of tubules with pachytene spermatocytes at D9 and round spermatids at D16 were diminished in CSF and SSV versus fresh tissues (Fig. 3a) . Spermatogenic progression was rather similar between cultures of CSF and SSV tissues (Fig. 3a) .
The addition of retinol only modestly affected the expression of germ cell-specific genes (1.6-5.1-fold, Table II ). Stra8 transcript levels were not significantly increased in tissues cultured with retinol versus BM (Table II) . After 30 days of culture in the presence of retinol, the proportion of tubules containing elongated spermatids was significantly increased (Fig. 3a) .
We next wondered whether in vitro spermatogenesis was impaired in the absence of CLDN3 expression. There was no significant difference in germ cell differentiation in tubules lacking or expressing CLDN3 basally: the proportion of seminiferous tubules containing leptotene/zygotene and pachytene spermatocytes, round and elongated spermatids as the most advanced types of germ cells was indeed similar in 30-day cultures of fresh, CSF or SSV tissues (Fig. 3b) .
Maturation of Sertoli cells in 30-day cultures of fresh and frozen/thawed testicular tissues
Cldn3 transcript levels were drastically decreased in vitro, especially after 30 days, and because the Cldn3 gene is a transcriptional target of the androgen receptor (AR) (Meng et al., 2005) , we next asked whether the expression of the Ar gene or AR function was altered after 30 days in our culture system. AR plays an important role during postnatal development and is a feature of mature Sertoli cells.
RT-qPCR data showed a minor increase in Ar transcript levels (1.4-1.9-fold) in organotypic cultures compared to in vivo controls (Fig. 4a) . However, the mRNA levels of Rhox5, a direct target gene of AR in Sertoli cells, were 2.0-10.7 times lower in cultures of fresh, CSF and SSV testes at D30 than in the age-matched in vivo controls (Fig. 4b) . To determine whether this decrease could be a consequence of an altered AR function in vitro or of an eventual change in the proportion of Sertoli cells, Rhox5 expression was normalized (at 36-37 dpp and D30 only) to the mRNA levels of Gata6, a Sertoli cell-specific gene, as previously described (Florin et al., 2005; Morrow et al., 2009; Migrenne et al., 2012) : Rhox5 transcript levels remained lower in organotypic cultures than in vivo, and intriguingly they were even lower in testicular tissues cultured with retinol (11.1-33.3-fold) than with BM (2.6-4.0-fold, Fig. 4c ). These results therefore suggest that AR function could be impaired in organotypic cultures.
The expression of p27Kip1 and Amh, which are markers of mature and immature Sertoli cells respectively, was also investigated. Modest changes in the transcript levels of p27Kip1 (1.2-3.3-fold) and Amh (1.5-2.3-fold) were observed in vitro compared to in vivo controls ( Fig. 4d-g ).
Functional integrity of the BTB in 30-day cultures of fresh and frozen/thawed testicular tissues
To determine whether the function of the BTB was preserved in testicular tissues cultured for 30 days, we assessed its impermeability to biotin, a low molecular-weight tracer (Fig. 5a) . In 36-37 dpp-old control testes, biotin was localized in the interstitial spaces as well as at the site of the BTB, i.e. above the cells lining the basement membrane (Fig. 5b) . As expected, the tracer did not pass through the BTB, as it was undetectable in the apical compartment of the seminiferous epithelium ( Fig. 5b and c) . In fresh testicular tissues cultured for 30 days in BM or retinol, biotin was distributed in the basal region in~87% of the tubules (Fig. 5b and c) . The BTB was not fully effective in the remaining tubules, as biotin was found within the apical compartment ( Fig. 5b and c) .
As CSF gave results similar to SSV and is the method proposed for human prepubertal testicular tissue banking, the functional integrity of the BTB was also evaluated after culture of testicular tissues frozen with CSF. Biotin was restricted to the basal compartment of the seminiferous epithelium in~83% of the tubules in CSF tissues cultured with or without retinol and leaked from the basal to the apical compartment in the other tubules ( Fig. 5b and c) .
Our analyses further showed that a complete in vitro spermatogenesis only occurred in seminiferous tubules with an intact BTB (Fig. 5d) . Indeed, in the tubules that were permeable to the biotin tracer, spermatogenesis was mainly arrested at the spermatogonia and pachytene spermatocyte stage (Fig. 5d) . It is important to note, however, that the progression of spermatogenesis up to the spermatogonia and pachytene spermatocyte stage only was also observed in tubules with a functional BTB (3-8.9% and 33.3-46.2%, respectively, Fig. 5d ).
Discussion
In the present work, the establishment, maintenance and functional integrity of the BTB, which is essential for germ cell development, and the progression of in vitro spermatogenesis were investigated in 
Table II
Relative mRNA levels for germ cell-expressed genes (normalized to Gapdh and Actb) during postnatal development and in in vitro cultured testicular tissues.
6-7 dpp (D0) 15-16 dpp
Sall4 3.1 ± 0.2 3.1 ±0.3 2.2 ± 0.6 2.4 ± 0.1a
1.3 ± 0.2ad
1.9 ± 0.3ad 2.9 ± 1.1 1.0 ± 0.6 1.9 ± 0.3a
2.2 ± 0.3a
1.7 ± 0.4 1.6 ± 0.1a
2.5 ± 1.0 2.6 ± 1.4 1.0abc 1.4 ± 0.5 1.3 ± 0.2abd
c-Kit 0.3 ± 0.05
0.6 ± 0.07ae 0.6 ± 0.07abe
0.6 ± 0.6 2.0 ± 0.7abdf
Stra8 0.7 ± 0.1 4.1 ± 0.3a
1.5 ± 0.2ad
1.9 ± 0.2ad 0.9 ± 0.05de
0.9 ± 0.3dfh
1.9 ± 0.1ab
1.6 ± 0.2ad 3.0 ± 0.5ae
2.1 ± 0.1ad
1.6 ± 0.6ad
1.9 ± 0.4adf
0.06 ± 0.01adfhi 
0.5abcd
Values are expressed as mean ± SEM. The non-parametric Mann-Whitney test was used to compare RT-qPCR data between in vitro cultures and in vivo controls; between cultures of fresh, CSF or SSV tissues; between cultures with or without retinol ('Rol' and 'BM' culture conditions, respectively); between the different time points. A value of P < 0.05 was considered statistically significant. a: P < 0.05 compared to 6-7 dpp (D0). b: P < 0.05 compared to 15-16 dpp (in vivo) or D9 (in vitro). c: P < 0.05 compared to 22-23 dpp (in vivo) or D16 (in vitro). d: P < 0.05 compared to the age-matched in vivo controls. e: P < 0.05 compared to cultures of fresh tissues without retinol. f: P < 0.05 compared to cultures of fresh tissues with retinol. g: P < 0.05 compared to cultures of CSF tissues without retinol. h: P < 0.05 compared to cultures of CSF tissues with retinol. i: P < 0.05 compared to cultures of SSV tissues without retinol. c-Kit: Kit oncogene; Prm2: protamine 2; Sall4: Sal-like protein 4; SSV: solid surface vitrification; Stra8: Stimulated by retinoic acid gene 8; Sycp3: Synaptonemal complex protein 3; Tp1: Transition protein 1.
organotypic cultures of fresh and frozen/thawed immature mouse testes. Our data show that organotypic cultures allow the timely and correct expression and localization of major BTB components (CLDN11, CX43 and ZO-1) over a period of 4 weeks, Sertoli cell maturation, as well as the progression of spermatogenesis at the same pace as in vivo.
The freezing/thawing procedures used and the addition of retinol to the culture medium had a minor or no impact on BTB formation and function. However, we found that CLDN3 expression was decreased and that meiotic and postmeiotic progression was altered in cultured testicular tissues. Besides, an increased BTB permeability and a decreased expression of the AR-regulated gene Rhox5 were observed at the end of the culture period in comparison with in vivo controls.
Finally, the present work shows that the completion of in vitro spermatogenesis occurred in seminiferous tubules with an intact BTB, expressing or lacking CLDN3. The expression of the TJ genes Cldn3, Cldn11, Zo-1 and of the GJ gene Cx43 was first examined. Transcripts were detected in 6-7 dpp mouse testes and later during postnatal development (15-16 dpp, 22-23 dpp and 36-37 dpp), following kinetics that were similar to previous studies (Batias et al., 2000; Hellani et al., 2000; Johnston et al., 2004; Chihara et al., 2010 Chihara et al., , 2013a Willems et al., 2010; Hazra et al., 2013) . BTB transcripts were also detected at all culture time points (D9, D16 and D30). Slight but significant variations in Cldn11, Zo-1 and Cx43 mRNA levels (2.6-5.0-fold, 1.2-1.5-fold and 1.1-1.5-fold, respectively) were found in tissues cultured for 30 days compared to the 36-37 dpp control testes, whereas Cldn3 levels were decreased 32-77-fold.
The BTB proteins were observed here in seminiferous tubules in vivo (15-16 dpp, 22-23 dpp and 36-37 dpp) and at all the corresponding time points in vitro (D9, D16 and D30). Our results are in line with previous works showing that CLDN3, CLDN11, ZO-1 and CX43 are detected postnatally at 15 dpp, 13 dpp, 5 dpp and 0 dpp, respectively (Byers et al., 1991; Bravo-Moreno et al., 2001; Meng et al., 2005; Mazaud-Guittot et al., 2010) . Whereas CLDN11, CX43 and ZO-1 were expressed in all the seminiferous tubules at the different culture time points and distributed similarly to in vivo controls, CLDN3 was absent in 29-44% of the tubules. The BTB proteins were mainly localized at the basal third of the seminiferous epithelium in vivo and in organotypic cultures. This is in agreement with data reporting that these proteins become located in the basal compartment between 12 and 20 dpp, i.e. at the time of BTB assembly (Byers et al., 1991; BravoMoreno et al., 2001; Meng et al., 2005; Mazaud-Guittot et al., 2010; Gerber et al., 2014) . CLDN11 and CX43 are crucial for the formation of a functional BTB and for normal spermatogenesis (Gow et al., 1999; Brehm et al., 2007; Gerber et al., 2014) unlike CLDN3 (Chakraborty et al., 2014) . Our data thus show that the spatio-temporal expression of these two key BTB components could be reproduced in vitro. Future studies will be necessary to quantify the expression of BTB components at the protein level in organotypic cultures.
The freezing/thawing procedures used had a modest or no effect on expression of the BTB genes analyzed and on the intratubular localization of the corresponding proteins, suggesting that besides preserving tissue architecture and functionality (Milazzo et al., 2008; Dumont et al., 2015 Dumont et al., , 2016 Arkoun et al., 2016) , the CSF and SSV protocols did not disturb the establishment of the BTB. In previous studies, we Testes from 6 to 7 dpp prepubertal CD-1 mice were obtained and organotypic cultures were performed either directly (from fresh tissues) or after thawing of testes frozen by CSF. Testicular fragments were cultured at a gas-liquid interphase on agarose gels (under 5% CO 2 at 34°C), with or without retinol for 30 days (n = 4). Testes from mice aged 36-37 dpp represent the corresponding in vivo controls (n = 4). At D30, testicular samples were incubated with a biotin tracer for 30 min at room temperature and fixed. After staining the tissue sections with Alexa Fluor ® 568-conjugated streptavidin, the permeability of the BTB to the biotin tracer was examined by fluorescence microscopy. The degree of advancement of spermatogenesis was then analyzed in the corresponding seminiferous tubules after HES staining. (b) Representative microscopy images showing the distribution of the biotin tracer and the progression of spermatogenesis in a 36-37 dpp mouse testis (n = 4) and in testicular tissues cultured for 30 days (n = 4). Panels (A) and (B) show seminiferous tubules with a functional barrier, in which biotin was stopped at the level of the BTB. Panels (C) and (D) show seminiferous tubules with a permeable BTB, in which biotin permeated throughout the seminiferous epithelium. Panels (E) and (F) show representative microscopy images obtained when the biotin tracer was omitted (negative controls, n = 4). Dashed lines delineate seminiferous tubules. Panels on the right represent enlarged views (boxes) of the restriction of the biotin tracer to the basal compartment in tubules with an intact BTB or its diffusion in the apical compartment in tubules with a leaky BTB. Magnification: ×400; scale bar: 50 µm. found that the addition of 10 −6 M retinol to the culture medium promoted seminiferous tubule growth, maintenance of intratubular cell proliferation and germ cell differentiation in organotypic cultures on a polycarbonate membrane insert (Travers et al., 2013) or on agarose gel at a gas-liquid interphase Dumont et al., 2016) . Although retinoid signaling has been shown to regulate BTB formation and function during the prepubertal period (Chung et al., 2010; Nicholls et al., 2013; Chihara et al., 2013a) , we found that the addition of 10 −6 M retinol in cultures of immature testes had minor or no impact on the kinetics of expression and localization of BTB components. This study shows that in vitro spermatogenesis progressed at the same pace as in vivo. The proportion of tubules containing elongated spermatids were significantly lower in vitro at D30 than in control 36-37 dpp testes, were similar between 30-day cultures of fresh, CSF and SSV testes, and were higher in cultures maintained with than without retinol, as already reported Dumont et al., 2015) . As shown before, the initiation and completion of in vitro spermatogenesis occurred without adding retinol to the culture medium (Sato et al., 2011; Yokonishi et al., 2014; Arkoun et al., 2015; Dumont et al., 2015 Dumont et al., , 2016 . Accordingly, spermatogenesis could successfully proceed up to 50 dpp in vitamin A-deficient mice (Chihara et al., 2013a; Sato et al., 2015) . Moreover, we found that complete spermatogenesis occurred in seminiferous tubules lacking CLDN3, which is in accordance with data obtained in Cldn3 −/− mice (Chakraborty et al., 2014) .
When measuring germ cell-specific transcript levels, we noticed a 1.6-9.7-fold diminution in Sycp3 (a marker of meiotic progression) as well as a 30-863-fold and 73-472-fold decrease in Tp1 and Prm2 (postmeiotic markers) as early as D16 in organotypic cultures. These data therefore suggest that the culture conditions used alter meiotic and postmeiotic germ cell maturation. A lower proportion of tubules with pachytene spermatocytes, round and elongated spermatids was indeed observed in vitro than in vivo. An incomplete BTB formation, decreased germ cell survival and increased apoptosis could account for this germ cell loss and the drop of postmeiotic markers. The CSF and SSV freezing procedures and the addition of retinol only modestly influenced the expression of germ cell markers.
Therefore, organotypic cultures not only allow the timely correct expression and localization of CLDN11, CX43 and ZO-1 over a period of 4 weeks but also the initiation and completion of in vitro murine spermatogenesis. This system thus appears more promising than the 3D culture system, in which the expression of CLDN11 and ZO-1 is maintained for 3 weeks and spermatogenesis is arrested at the primary spermatocyte stage (Zhang et al., 2014) .
The drastic diminution of CLDN3 expression in vitro is particularly intriguing and may be a consequence of a decrease in the proportion of preleptotene/leptotene spermatocytes expressing Cldn3 (Chihara et al., 2013b) , or of a delay or an alteration in the transcription of the Cldn3 gene. Interestingly, the marked reduction in Cldn3 mRNA levels (32-77-fold) in 30-day organotypic cultures closely resembles the phenotype observed in 35 dpp old and adult mice with Sertoli cell-specific ablation of AR (SCARKO) (Meng et al., 2005; Willems et al., 2010; Chakraborty et al., 2014 ). An altered AR signaling could therefore explain the diminution in Cldn3 transcripts in the cultures. In this study, the decreased Rhox5 expression (a Sertoli cell androgen-regulated gene) indeed suggests that the transcriptional activity of AR could be impaired in organotypic cultures. Since RHOX5 was found to be a central transcription factor that promotes the survival of male germ cells (MacLean et al., 2005) , its under-expression might explain, at least in part, the reduced spermatogenic yield obtained in vitro compared to the in vivo situation as well as the increased proportion of degenerating round spermatids in cultures . Surprisingly, the transcription of Rhox5 was even lower when retinol was added in the culture medium. A negative effect of retinoid on testosterone production, similar to that reported in fetal rat testes (Livera et al., 2000 (Livera et al., , 2004 , could account for the further decline in AR function in prepubertal mouse testes cultured with retinol. Indeed, although our previous studies showed testosterone secretion in fresh, CSF and SSV mouse testes cultured with or without retinol (Arkoun et al., , 2016 Dumont et al., 2015 Dumont et al., , 2016 , testosterone was not measured in this study. Whether in vitro steroidogenesis is as efficient as in vivo is unknown and will be the focus of future studies.
Although AR could be less functional in Sertoli cells in organotypic cultures at D30 than in vivo at 36-37 dpp, its expression is a sign of Sertoli cell maturation. Accordingly, the expression of this receptor had previously been reported in prepubertal mouse testicular tissues cultured at a gas-liquid interphase (Sato et al., 2011) . Additionally, we found slight variations in the transcript levels of Amh and p27Kip1 (markers of immature/mature Sertoli cells) between cultures and in vivo controls. The maturation and functionality of Sertoli cells will have to be further analyzed in organotypic cultures, e.g. by measuring the production of inhibin B.
Finally, the integrity of the BTB was investigated by examining its permeability to a biotin tracer, as previously described (Meng et al., 2005; Morrow et al., 2009; McCabe et al., 2012) . Our data revealed an increased BTB permeability in~13-17% of the tubules in 30-day cultures of fresh and CSF testicular tissues with or without retinol compared to 36-37 dpp old in vivo controls. The progression of germ cells beyond the pachytene spermatocyte stage was impaired in tubules with a dysfunctional BTB. Because CLDN3 is not essential for TJ function and spermatogenesis (Chakraborty et al., 2014) , the severe diminution of its expression in vitro is unlikely the cause of compromised BTB integrity and impaired meiotic and postmeiotic progression. Instead, the under-expression of other TJ components might participate in the alteration of BTB integrity. Targeted transcriptomics or proteomics studies will be needed to determine whether the expression of other BTB components is altered in in vitro cultures.
In conclusion, the present study shows the establishment and maintenance of key BTB components, the maturation of Sertoli cells as well as the initiation and completion of the first spermatogenic wave in organotypic cultures of fresh and frozen/thawed prepubertal mouse testicular tissues. Nonetheless, decreased CLDN3 expression, increased BTB permeability as well as altered meiotic and postmeiotic germ cell development were also observed in vitro. Before clinical applications can be envisaged, the organotypic culture system will have to be optimized, notably in late puberty onset species such as nonhuman primates, and also optimized for tissues from boys of different ages. The culture media required for the in vitro maturation of infantile testes or preadolescent testes will likely differ in composition. The mouse model of in vitro spermatogenesis could also be used to explore postnatal testicular development or for reprotoxicity studies.
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